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Abstract
In the SU(3)C×SU(2)L×SU(2)R×U(1)(B−L)/2 extension of the standard model,
a minimal (but asymmetric) scalar sector consists of one SU(2)R×U(1)(B−L)/2 doublet
and one SU(2)L×SU(2)R bidoublet. Previous and recent studies have shown that this
choice is useful for understanding neutrino mass as well as dark matter. The constraints
from flavor changing neutral currents mediated by the scalar sector are discussed in
the context of the latest experimental data.
ar
X
iv
:1
80
6.
04
81
2v
1 
 [h
ep
-p
h]
  1
3 J
un
 20
18
1 Introduction
In the conventional left-right extension of the standard model (SM) of quarks and leptons,
the gauge symmetry is SU(3)C × SU(2)L × SU(2)R × U(1)(B−L)/2. The scalar sector must
be chosen to break SU(2)R × U(1)(B−L)/2 to U(1)Y at a scale much higher than that of
electroweak symmetry breaking, i.e. SU(2)L×U(1)Y to U(1)Q. This minimum requirement
does not uniquely define the scalar particle content, i.e. doublets ΦL,R, triplets ξL,R, and
bidoublets η. There are basically 5 possible choices [1] and they have implications on the
nature of neutrino mass, as well as the SU(2)R breaking scale. The simplest and often
neglected choice is to have one SU(2)R×U(1)(B−L)/2 doublet ΦR and one SU(2)L×SU(2)R
bidoublet η. This implies by itself Dirac neutrino masses, but an inverse seesaw mechanism is
easily implemented [2] so that the observed neutrinos are Majorana fermions and the SU(2)R
breaking scale is a few TeV. Whereas flavor-changing neutral-current (FCNC) processes are
unavoidable, they are manageable, as shown in Ref. [2].
Recently, it has been shown [3] that such a model has another virtue, i.e. the appearance
of predestined dark matter. Because of the absence of an SU(2)L scalar doublet, the insertion
of an SU(2)L fermion triplet (Σ
+,Σ0,Σ−) or scalar triplet (χ+, χ0, χ−) automatically guar-
antees either Σ0 or χ0 to be stable, so that it is a good candidate for dark matter [4]. Note
that Σ0(χ0) is naturally lighter than Σ±(χ±) from radiative mass splitting [5]. A recently
proposed model of [SU(2)]3 dark matter [6] also has this chosen scalar sector.
Since the writing of Ref. [2], there are new experimental results on FCNC, mostly in B
physics, and new theoretical calculations of their SM contributions. In this paper, we update
the resulting phenomenological contraints on this simple scalar sector consisting of only ΦR
and η. In Sec. 2 the scalar sector is studied as well as the resulting massive gauge sector.
In Sec. 3 the Yukawa sector is studied and the structure of FCNC couplings to the physical
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neutral scalars is derived. It is shown that under a simple assumption, all such effects depend
only on two scalar masses which are almost degenerate in addition to an unknown unitary
3× 3 matrix VR which is the right-handed analog of the well-known CKM matrix VCKM for
left-handed quarks. In Sec. 4 the experimental data on the K − K¯, Bd − B¯d, and Bs − B¯s
mass differences, as well as the recent data on Bs → µ+µ−, are compared against their
SM predictions to constrain the two scalar masses assuming that (A) VR = VCKM and (B)
VR = 1. In Sec. 5 there are some concluding remarks.
2 Scalar and Gauge Sectors
Under SU(3)C × SU(2)L × SU(2)R × U(1)B−L, we assume one scalar doublet
ΦR =
(
φ+R
φ0R
)
∼ (1, 1, 2, 1/2) (1)
and one bidoublet
η =
(
η01 η
+
2
η−1 η
0
2
)
∼ (1, 2, , 2, 0). (2)
The dual of η, i.e.
η˜ = σ2η
∗σ2 =
(
η¯02 −η+1
−η−2 η¯02
)
∼ (1, 2, 2, 0) (3)
is automatically generated and transforms exactly like η.
The most general Higgs potential consisting of ΦR, η, and η˜ is given by [2]
V = m2RΦ
†
RΦR +m
2Tr(η†η) +
1
2
µ2Tr(η†η˜ + η˜†η) +
1
2
λR(Φ
†
RΦR)
2 +
1
2
λ1[Tr(η
†η)]2
+
1
2
λ2Tr(η
†ηη†η) +
1
2
λ3{[Tr(η†η˜)]2 + [Tr(η˜†η)]2}+ 1
2
λ4Tr(η
†η)[Tr(η†η˜ + η˜†η)]
+ f1Φ
†
R(η˜
†η˜)ΦR + f2Φ
†
R(η
†η)ΦR + f3Φ
†
R(η
†η˜ + η˜†η)ΦR, (4)
where all parameters have been chosen real for simplicity. Let 〈φ0R〉 = vR and 〈η01,2〉 = v1,2,
then the minimum of V has a solution where v2  v1, i.e.
v2 ' −(µ
2 + f3v
2
R + λ4v
2
1)v1
m2 + f2v2R + (λ1 + λ3)v
2
1
, (5)
3
with
v21 =
m2Rf1 −m2λR
λR(λ1 + λ2)− f 21
, v2R =
−m2R − f1v21
λR
. (6)
In the limit v2 = 0, the physical Higgs bosons are φ
±
2 and hI =
√
2Im(φ02) with masses
squared
m2± = (f2 − f1)v2R, m2I = (f2 − f1)v2R − (λ2 + λ3)v21, (7)
and three linear combinations of h1 =
√
2Re(φ01), h2 =
√
2Re(φ02), and hR =
√
2Re(φ0R),
with the 3× 3 mass-squared matrix
M2h =

2(λ1 + λ2)v
2
1 2λ4v
2
1 2f1v1vR
2λ4v
2
1 (f2 − f1)v2R − (λ2 − λ3)v21 2f3v1vR
2f1v1vR 2f3v1vR 2λRv
2
R
 . (8)
Since v1/vR is known to be small, h1,2,R are approximately mass eignestates, with h1 almost
equal to the observed 125 GeV scalar boson at the Large Hadron Collider (LHC). Note also
that h2 is almost degenerate with hI in mass. We can make this even more precise by having
small λ4 and f1,3.
There are two charged gauge bosons W±L and W
±
R in the 2×2 mass-squared matrix given
by
M2W =
1
2
(
g2L(v
2
1 + v
2
2) −2gLgRv1v2
−2gLgRv1v2 g2R(v2R + v21 + v22)
)
. (9)
With our assumption that v2  v1, WL−WR mixing is negligible. The present LHC bound
on the WR mass is 3.7 TeV [7].
There are three neutral gauge bosons, i.e. W3L from SU(2)L, W3R from SU(2)R, and B
from U(1)(B−L)/2, with couplings gL, gR, and gB respectively. Let them be rotated to the
following three orthonormal states:
A =
e
gL
W3L +
e
gR
W3R +
e
gB
B, (10)
Z =
e
gY
W3L − e
gL
(
gY
gR
W3R +
gY
gB
B
)
, (11)
Z ′ =
gY
gB
W3R − gY
gR
B, (12)
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where
1
e2
=
1
g2L
+
1
g2Y
,
1
g2Y
=
1
g2R
+
1
g2B
. (13)
The photon A is massless and decouples from Z and Z ′, the latter two forming a mass-
squared matrix given by
M2Z =
1
2
(
(g2L + g
2
Y )(v
2
1 + v
2
2) −(gLg2Y gR/egB)(v21 + v22)
−(gLg2Y gR/egB)(v21 + v22) (g2R + g2B)v2R + (g2Rg2Y /g2B)(v21 + v22)
)
. (14)
The neutral-current gauge interactions are given by
eAjem + gZZ(j3L − sin2 θW jem) +
√
g2R + g
2
BZ
′
[
j3R +
g2Y
g2R
(j3L − jem)
]
. (15)
The present LHC bound on the Z ′ mass is 4.1 TeV [8]. The Z − Z ′ mixing is given by
(egR/gBgL)(m
2
Z/m
2
Z′) which is then less than 3.6 × 10−4 for gR = gL and within precision
measurement bounds.
3 Yukawa Sector and the FCNC Structure
The fermion content is well-known, i.e.
ψL =
(
νe
e
)
L
∼ (1, 2, 1,−1/2), ψR =
(
νe
e
)
R
∼ (1, 1, 2,−1/2), (16)
qL =
(
u
d
)
L
∼ (3, 2, 1, 1/6), qR =
(
u
d
)
R
∼ (3, 1, 2, 1/6), (17)
with the electric charge given by Q = I3L + I3R + (B − L)/2. Now the Yukawa couplings
between the quarks and the neutral members of the scalar bidoublets are
(fuijη
0
1 + f
d
ij η¯
0
2)u¯iLujR + (f
u
ijη
0
2 + f
d
ij η¯
0
1)d¯iLdjR. (18)
In the limit v2 = 0, both up and down quark masses come from only v1. Hence
fuijv1 = UL

mu 0 0
0 mc 0
0 0 mt
U †R, fdijv1 = DL

md 0 0
0 ms 0
0 0 mb
D†R, (19)
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where UL,R and DL,R are unitary matrices, with
U †LDL = VCKM , U
†
RDR = VR, (20)
being the known quark mixing matrix for left-handed charged currents and the corresponding
unknown one for their right-handed counterpart.
Whereas Z and Z ′ couple diagonally to all quarks, nondiagonal terms appear in the scalar
Yukawa couplings. Using Eqs. (18), (19) and (20), the FCNC structure is then completely
determined, i.e.
h1√
2v1

mu 0 0
0 mc 0
0 0 mt
+ (h2 − ihI)√2v1 VCKM

md 0 0
0 ms 0
0 0 mb
V †R (21)
for the up quarks, and
h1√
2v1

md 0 0
0 ms 0
0 0 mb
+ (h2 + ihI)√2v1 V †CKM

mu 0 0
0 mc 0
0 0 mt
VR (22)
for the down quarks. Hence h1 behaves as the SM Higgs boson, and at tree-level, all FCNC
effects come from h2 and hI . We may thus use present data to constrain these two masses.
Note that all FCNC effects are suppressed by quark masses, so we have an understanding of
why they are particularly small in light meson systems.
The analog of Eq. (18) for leptons is
(f νijη
0
1 + f
e
ij η¯
0
2)ν¯iLνjR + (f
ν
ijη
0
2 + f
e
ij η¯
0
1)e¯iLejR. (23)
Hence
(Mν)ij = f νijv1 + f eijv2, (Me)ij = f eijv1 + f νijv2. (24)
If neutrinos are Dirac fermions, thenMν ' 0 compared toMe, hence f νij = −(v2/v1)f eij is a
good approximation. The analog of Eq. (22) for charged leptons is then
[
h1√
2v1
− (h2 + ihI)v2√
2v21
]
me 0 0
0 mµ 0
0 0 mτ
 . (25)
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4 Phenomenological Constraints
In the following we consider the contributions of Eqs. (21), (22), and (25) to a number of
processes sensitive to them in two scenarios: (A) VR = VCKM and (B) VR = 1. We compare
the most recent experimental data with theoretical SM calculations to obtain constraints
coming from the mass differences ∆MK , ∆MBd , ∆MBs of the neutral meson systems of
K − K¯, Bd − B¯d, Bs − B¯s respectively, as well the recent measurement of [9] Bs → µ+µ−,
i.e.
B¯
(
Bs → µ+µ−
)
LHCb
=
(
3.0± 0.6+0.3−0.2
)
× 10−9, (26)
with an upper limit B¯ (Bd → µ+µ−)LHCb < 3.4×10−10 at 95% confidence-level. These values
are in agreement with the next-to-leading-order (NLO) electroweak (EW) as well as NNLO
QCD predictions [10, 11]:
B¯
(
Bs → µ+µ−
)
SM
= (3.44± 0.19)× 10−9, B¯
(
Bd → µ+µ−
)
SM
= (1.04± 0.09)× 10−10.
(27)
Nevertheless, new physics (NP) contributions are possible within the error bars. In addition,
the K-K¯ and Bq-B¯q mixings, which interfere to obtain time-averaged decay widths [12, 13,
14], may also provide possible signals of NP.
The most recently updated SM ∆M predictions [11, 15, 16, 17, 18], and the experimental
measurements [19, 20] are
∆M expK = (5.296± 0.009) fs−1, ∆MSMK = (4.73± 1.91) fs−1, (28)
∆M expBd = (0.5055± 0.0020) ps−1, ∆MSMBd = (0.642± 0.069) ps−1, (29)
∆M expBs = (17.757± 0.021) ps−1, ∆MSMBs = (20.01± 1.25) ps−1. (30)
Note that ∆MSMBd is estimated by the SU(3)-breaking ratio ξ = 1.206(18)(6) [11], and the
NLO EW, NNLO QCD corrections have been incorporated as well.
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4.1 ∆MBq and ∆MK
In the SM, other than long-distance contributions [17], Bq − B¯q and K − K¯ mixings occur
mainly via the well-known box diagrams with the exchange of W± bosons and the (u, c, t)
quarks. In the asymmetric left-right model, the new scalars h2 and hI have additional
tree-level contributions. We consider the usual operator analysis with Wilson coefficients
obtained from the renormalization group (RG). The mass difference between the two mass
eigenstates of a neutral meson system (see [19, 21] for details) may be obtained from the
∆F = 2 effective Hamiltonian [22, 23, 24]
H∆F=2eff =
G2F
16pi2
m2W
(
VtbV
∗
tq
)2∑
i
CiOi + H.c., (31)
where the operators relevant to the SM and the new scalar contributions are [11]
OSM =
(
b¯αγµPLq
α
) (
b¯βγµPLq
α
)
, O4 =
(
b¯αPLq
α
) (
b¯βPRq
β
)
, (32)
O2 =
(
b¯αPLq
α
) (
b¯βPLq
β
)
, O˜2 =
(
b¯αPRq
α
) (
b¯βPRq
β
)
, (33)
O3 =
(
b¯αPLq
β
) (
b¯βPLq
α
)
, O˜3 =
(
b¯αPRq
β
) (
b¯βPRq
α
)
, (34)
for the Bd − B¯d and Bs − B¯s systems. In the case of K − K¯, we just change b to s and q
to d in the above. PR and PL are right- and left-handed projection operators (1 ± γ5)/2,
respectively. α and β are color indices. We follow the details in [22] with recent updates
[11, 25] for Bq as well as [17] for K. After ignoring terms that are suppressed by light quark
masses, we obtain
CqSM = 4S0(xt)η2B(µ), C
K
SM = 4λ
2
cηccS0(xc)/λ
2
t + 4ηttS0(xt) + 8λcηctS0(xc, xt)/λt, (35)
with λx ≡ VxsV ∗xd. The Inami-Lim function S0(xi, xj) with xq ≡ (mq(mq)/mW )2 describes the
electroweak corrections in one loop [26]. The factors ηi are perturbative QCD corrections at
NLO [22], as well as [27]([23]) for the new Bq(K) terms. Since the QCD corrections generate
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nondiagonal entries, the color mixed operators should be considered as well at low scale [28]
(see also [15, 29, 30]).
Noting that 〈O2,3〉 = 〈O˜2,3〉 in QCD, we consider the relevant operators for Bq − B¯q
mixing in terms of their bag parameters [11, 31],
〈Oq1〉(µ) = c1f 2BqM2BqB(1)Bq (µ) (36)
and
〈Oqi 〉(µ) = ci
(
MBq
mb(µ) +mq
)2
f 2BqM
2
BqB
(i)
Bq(µ), i = 2, 3, (37)
and
〈Oqi 〉(µ) = ci
( MBq
mb(µ) +mq
)2
+ di
 f 2BqM2BqB(i)Bq(µ), i = 4, 5, (38)
with ci = {2/3,−5/12, 1/12, 1/2, 1/6}, d4 = 1/6, and d5 = 3/2. The decay constants and
bag parameters B
(i)
Bq include all nonperturbative effects. The lattice calculation has been
done in [11] for Bq with in the scheme of [29], as well as [16] for K. The renormalization
group evolution effects are considered in [23, 27].
In the asymmetric left-right model, the tree-level h2 and hI contributions to the Wilson
coefficients at the new physics scale µNP are
C2 = −1
2
κ
[(
V †d
)
b,q
]2 ( 1
m22
− 1
m2I
)
, C˜2 = −1
2
κ
[
(Vd)b,q
]2 ( 1
m22
− 1
m2I
)
, (39)
C4 = −κ (Vd)b,q
(
V †d
)
b,q
(
1
m22
+
1
m2I
)
, (40)
where κ = 16pi2/G2Fm
2
W
(
VtbV
∗
tq
)2
, and the matrix Vd comes from the second term of Eq.(22).
The Bq mass difference is thus given by
2M q12 =
〈B¯q|H∆F=2eff |Bq〉
MBq
=
G2F
16pi2
m2W
MBq
(
VtbV
∗
tq
)2 ×[
CqSMc1f
2
BqM
2
BqBˆ
(1)
Bq +
(
C2 + C˜2
)
(η22〈Oq2〉+ η32〈Oq3〉) + C4η4〈Oq4〉
]
, (41)
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where η4 ' 3.90, η22 ' 2.25 and η32 ' −0.12, [27, 32]. Similarly, the K0 mass difference is
2MK12 =
G2Fm
2
W
16pi2
f 2KMK (VtsV
∗
td)
2
[
CKSMP
V LL
1 + C2P
SLL
1 + C4P
LR
2
]
, (42)
where P1,2 are given in [17, 23] and a recently updated lattice simulation [16]. Hence
∆MK = 2Re
[
MK12
]
, ∆MBq = 2 |M q12| , and φMq = argM q12. (43)
Note that φMs may deviate [14] from the SM value, i.e. φ
M
s = φ
SM
s + φ
NP
s . A nonzero φ
NP
s
would contribute to the CP violation effect in the Bs → (J/ψ)φ decay (see [33] and the
recent review [21]). Present data imply the constraint φNPs = 0.4
◦ ± 1.9◦ [34]. For Bd, the
phase constraint is φNPd = −3.8◦ ± 4.4◦ [35, 36].
4.2 Bs → µ+µ−
The scalars h2 and hI contribute not only to the mass difference of Bs, but also to the decay
of Bs → µ+µ− at tree level. The SM contribution is dominated by the operator OSM10 , so we
ignore other possible SM operators [24, 25]. The effective Hamiltonian is given by [10, 37]
Heff = −
GF√
2
αem
pis2W
VtbV
∗
ts
(
CSM10 OSM10 + CSOS + CPOP + C ′SO′S + C ′PO′P
)
+ H.c., (44)
where αem is the fine structure constant, and s
2
W ≡ sin2 θW with θW the weak mixing angle.
The operators are defined as
OSM10 = (q¯γµPLb) (µ¯γµγ5µ) , OP = mb (q¯PRb) (µ¯γ5µ) , O′P = mb (q¯PLb) (µ¯γ5µ) , (45)
OS = mb (q¯PRb) (µ¯µ) , O′S = mb (q¯PLb) (µ¯µ) . (46)
Including the b quark mass mb makes those operators as well as their Wilson coefficients to
be renormalization-group invariant [25]. For the NLO SM contribution, we use a numerical
value approximated by [25]
CSM10 = −0.9380
(
mpt
173.1 GeV
)1.53 (
αs (mZ)
0.1184
)−0.09
, (47)
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where mpt is the t quark pole mass. The contributions of NLO EW and NNLO QCD have
been computed by [38, 39, 40, 41, 42]. The non-SM Wilson coefficients are given by tree-level
h2 or hI exchange, i.e.
CP = κ˜ (Vd)s,b
(
i
Im (Vp)µµ
m22
− Re (Vp)µµ
m2I
)
, C ′P = κ˜
(
V †d
)
s,b
(
i
Im (Vp)µµ
m22
+
Re (Vp)µµ
m2I
)
,
(48)
CS = κ˜ (Vd)s,b
(
Re (Vp)µµ
m22
− iIm (Vp)µµ
m2I
)
, C ′S = κ˜
(
V †d
)
s,b
(
Re (Vp)µµ
m22
+ i
Im (Vp)µµ
m2I
)
,
(49)
where κ˜ = pi2/G2Fmbm
2
WVtbV
∗
ts, and the matrix Vp comes from the second term of Eq. (25).
The form factors are
〈0|q¯γµγ5b|B¯q(p)〉 = ifBqpµ, (mb)〈0|q¯γ5b|B¯q(p)〉 = −ifBq
M2Bq
mb +mq
mb. (50)
From the above, the branching fraction of Bs → µ+µ− is then [12]
B
(
Bq → µ+µ−
)
=
τBqG
4
Fm
4
W
8pi5
|VtbV ∗ts|2 f 2Bm2µmB
√√√√1− 4m2µ
m2B
(
|P |2 + |S|2
)
, (51)
where mBs , τBs and fBs denote the mass, lifetime and decay constant of the Bs meson,
respectively. The amplitudes P and S are defined as [14]
P ≡ CSM10 +
m2Bmb
2mµ (mb +mq)
(CP − C ′P ) , S ≡
√√√√1− 4m2µ
m2B
m2Bmb
2mµ (mb +mq)
(CS − C ′S) .
(52)
To compare against experimental data, the time-integrated branching fraction is discussed
extensively in [12, 13, 14, 43], i.e.
B¯
(
Bs → µ+µ−
)
exp
=
(
1 +A∆Γys
1− y2s
)
B
(
Bs → µ+µ−
)
, (53)
where ys = ∆Γs/2Γs (Γs being the average Bs decay width) and [33]
A∆Γ =
|P |2 cos
(
2φP − φNPs
)
− |S|2 cos
(
2φS − φNPs
)
|P |2 + |S|2 , (54)
with
S = |S|eiφS , P = |P |eiφP , 2arg (VtsV ∗tb) ≡ φSMs . (55)
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4.3 Numerical Analysis
We now discuss the experimental constraints on the two scalar masses m2 and mI . We allow
for the theoretical uncertainties in computing ∆MK , ∆MBq and Bs → µ+µ− which arise
mainly from the decay constant fBq (and the bag parameters Bˆ
(i)
q ) and the combination of
CKM matrix elements |V ∗tsVtb| (i.e. |Vcb| as well as |Vub|, from the unitarity of VCKM) [11].
We note that there is a long-standing discrepancy between the determinations of Vub from
inclusive and exclusive B decays. We adopt the recent averaged CKM matrix elements by
the CKMfitter group [35], and use running quark masses [44]. Our input parameters are
given in Table 1, and the scales used are {µK , µb, µNP} = {2, 3, 1000} GeV.
Table 1: List of input parameters (including Table XIII of [11] in the scheme of [29]).
Parameter Value Ref. Parameter Value Ref.
mW 80.385(15) GeV [19] m
p
t 173.21(87) GeV [19]
GF 1.1663787(6)× 10−5 GeV−2 [19] mt(mt) 162.5(11) GeV [44]
h¯ 6.582119514(40)× 10−25 GeV s [19] mb(mb) 4.19(18) GeV [44]
τBs 1.510(5) ps [19] mc(mb) 0.934
+0.058
−0.120 GeV [44]
∆Γs 0.082(7) ps
−1 [19] ms(mb) 84+26−17 MeV [44]
MBs 5.36689(19) GeV [19] mu(mb) 2.02(60) MeV [44]
MBd 5.27961(16) GeV [19] md(mb) 4.12(69) MeV [44]
MK 0.497611(13) GeV [19] mc(mc) 1.29
+0.05
−0.11 GeV [44]
α(5)s (mZ) 0.1181(11) [19] Vus 0.22508
+0.00030
−0.00028 [35]
fBs 227.2(34) MeV [11] Vcb 0.04181
+0.00028
−0.00060 [35]
γCKM 1.141
+0.017
−0.020 [35] |Vub/Vcb| 0.0889(14) [35]
fK 0.1562(9) GeV [15] BˆK 0.7625(97) [15]
B
(2)
K (2 GeV) 0.568(26) [16] B
(3)
K (2 GeV) 0.382(21) [16]
B
(4)
K (2 GeV) 0.984(67) [16] B
(5)
K (2 GeV) 0.714(78) [16]
fBd 190.9(4.1) MeV [11] ηcc 1.87(76) [45]
Λ
(5)
QCD 0.226 GeV [22] ηct 0.496(47) [45]
fBs
√
Bˆ
(1)
Bs 274.6± 11.1 MeV [11] ηtt 0.5765(65) [45]
fBd
√
Bˆ
(1)
Bd
227.7± 11.8 MeV [11] η2B 0.55210(62) [37]
12
ΔMBs with Scenario AΔMBd with Scenario AΔMBs with Scenario BΔMBd with Scenario B
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Figure 1: Allowed parameter space in the (m2,mI) plane. The (red, black) and (blue, green)
shaded regions correspond to Scenario A (VR = VCKM) and Scenario B (VR = 1) within the
1σ region of ∆MBq , respectively. The purple shaded regions correspond to Scenario (A,
B) with v2 <
1
2
v1 from the constraint m
2
2 − m2I = 2λ3v21 with |λ3| = 4pi and its overlap
within the 1σ region of B¯(Bs → µ+µ−). The dotted blue line corresponds to the ∆MK
constraint, including the LD effects. The light-orange(dashed yellow line) is shown at the
1σ experimental CP phase constraint of the Bs(Bd) phase in Scenario A, and the dashed
red(black) line is the Bs(Bd) phase constraint in Scenario B, which excludes the lower-right
region of this figure. The dark-purple lines show the v2 → 0 limit, i.e. a null contribution
to Bs → µµ from new physics. The survival parameter spaces under ∆Ms,d are marked by
cyan l. The input parameters are from Table 1.
Flavor-changing neutral scalar couplings to quarks are studied in two scenarios, where
the SU(2)R charged-current mixing matrix VR in Eq.(20) is given either by the CKM matrix
(Scenario A), i.e. VR ≡ VCKM , or just the identity matrix (Scenario B), i.e. VR ≡ 1. Tree-
level contributions exist from the exchange of the new CP-even scalar h2 or the CP-odd
scalar hI , as shown in Fig. 1. The Wilson coefficients for ∆MBq and ∆MK are given in
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Eqs.(39) and (40). The Bs → µ+µ− contribution comes from Eqs.(47) and (48).
In Scenario A, since the mixing matrix Vd is Hermitian [see Eq.(22)], fine-tuned cancel-
lations between C2, C˜2 and C4 appear only if a large ratio (m
2
2 −m2I) / (m22 +m2I) appears,
[see Eq.(41)], but this cannot happen within the given parameter space. Therefore, the
∆MBq constraints only allow the (red, black) area without fine-tuning, i.e. m2 and/or
mI ≥ 13.5 TeV. On the other hand, the h2 − hI mass-squared difference m22 −m2I = 2λ3v21
restricts it to only a thin line in the region of heavier masses, i.e. m2 ' mI . Their overlap
shows a strong constraint indicated by an arrow (cyan) in Fig. 1. If the ∆MK constraint is
included, then this tiny allowed region is ruled out if only the short-distance (SD) contri-
bution is considered. Adding the long-distance (LD) contributions from pi and η′ exchange
[46, 47]
∆mK = ∆m
SD
K + ∆m
LD
K |pipi + ∆mLDK |η′ , (56)
with
∆mLDK |pipi = 0.4∆mexpK , ∆mLDK |η′ = −0.3∆mexpK , (57)
a consistent overlap with the data may be obtained. Although the LD contributions are
still not well understood, with somewhat large uncertainties [17], these terms shift the SM
contribution and allow Scenario A to survive. In summary, the above constraints with LD
physics allow the masses to lie within the region 20.0 TeV ≤ m2 ' mI ≤ 22.8 TeV.
In Scenario B, the asymmetric mixing matrix elements e.g. (Vd)b,s ' −0.01(V †d )b,s result
in cancellations between Wilson coefficients C2, C˜2 and C4 if (m
2
2 −m2I) / (m22 +m2I) ' 0.01.
Hence lighter m2, mI masses from ∆MBq are not ruled out in the (blue, green) area of Fig. 1
where |λ3| = 4pi has been used. The two branches (purple) represent the model restrictions
on (m2,mI) depending on the sign of λ3. If a value of |λ3| less than 4pi is used, then the region
between these two branches will be filled in. Since our model contribution to Bs → µ+µ−
is proportional to v2 which is always assumed to be small so far, there is no constraint from
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it unless v2 is sizeable. For |λ3| = 4pi, if we also assume v2 < 0.5v1, then within 1σ of
the Bs → µ+µ− experimental rate, the allowed region cuts off for small (m2,mI), as shown
(purple) in Fig. 1. The allowed region with λ3 = 4pi in Scenario B is indicated by an arrow
(cyan) in the subgraph, i.e. 1.80 ≤ mI ≤ 2.45 TeV. For λ3 < 4pi, a thin region opens up
above the purple line. As for ∆MK in Scenario B, this result is not affected whether LD
contributions are included or not.
From Eq.(21), we see that D0 − D¯0 mixing is suppressed by down-quark masses in the
asymmetric left-right model. It does not provide a tighter constraint [32, 48, 49].
5 Concluding Remarks
We have studied the possible contributions of the heavy scalars h2 and hI in the asymmetric
left-right model to Bq − B¯q mixings as well as Bs → µ+µ−. We find that improvements of
the fit to experimental data within 1σ are possible, as shown in Fig. 1. In the scenario with
the right-handed charged-current mixing matrix VR equal to VCKM , we predict m2 ' mI to
be between 20.0 and 22.8 TeV. If VR = 1, then mI ' 1.80 to 2.45 TeV, and m2 ' 2.00 to
2.60 TeV for λ3 = 4pi and small v2.
If the doublet ΦR is replaced with the triplet (ξ
++
R , ξ
+
R , ξ
0
R), the FCNC analysis remains
the same. What will change is that νR will acquire a large Majorana mass and the usual
neutrinos will get seesaw Majorana masses. A doubly-charged physical scalar ξ±±R will also
appear and decays to e±e±. In addition, there are more candidates for predestined dark
matter [3], i.e. scalar SU(2)L triplet, fermion singlet, fermion bidoublet, fermion SU(2)L
triplet, and fermion SU(2)R triplet.
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